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Dynamic light scatteringSmall fast-tumbling bicelles are ideal for studies ofmembrane interactions atmolecular level; they allow analysis
of lipid properties using solution-state NMR. In the present study we used 31P NMR relaxation to obtain detailed
information on lipid head-group dynamics. We explored the effect of two topologically different membrane-
interacting peptides on bicelles containing either dimyristoylphosphocholine (DMPC), or a mixture of DMPC
and dimyristoylphosphoglycerol (DMPG), and dihexanoylphosphocholine (DHPC). KALP21 is a model trans-
membrane peptide, designed to span a DMPC bilayer and dynorphin B is a membrane surface active neuropep-
tide. KALP21 causes signiﬁcant increase in bicelle size, as evidenced by both dynamic light scattering and 31P T2
relaxationmeasurements. The effect of dynorphin B on bicelle size ismoremodest, although signiﬁcant effects on
T2 relaxation are observed at higher temperatures. A comparison of 31P T1 values for the lipids with and without
the peptides showed that dynorphin B has a greater effect on lipid head-group dynamics than KALP21, especially
at elevated temperatures. From the ﬁeld-dependence of T1 relaxation data, a correlation time describing the
overall lipidmotion was derived. Results indicate that the positively charged dynorphin B decreases themobility
of the lipid molecules – in particular for the negatively charged DMPG – while KALP21 has a more modest
inﬂuence. Our results demonstrate that while a transmembrane peptide has severe effects on overall bilayer
properties, the surface bound peptide has a more dramatic effect in reducing lipid head-group mobility. These
observations may be of general importance for understanding peptide–membrane interactions.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The membrane bilayer is a highly dynamic system with many
motional modes. Lipid molecules undergo lateral diffusion within the
bilayer [1–4], they rotate around their molecular axis, and possess
several degrees of internal motion [5,6]. All these motions affect the in-
teractions between a lipid molecule and a peptide or protein. Conse-
quently it is of great interest to understand how proteins and peptides
affect lipid properties including their dynamics. There are a variety of
biophysical methods available that are suitable for studying these
motions and the inﬂuence of proteins and peptides on lipid order and
dynamics. NMR spin relaxation provides one way to examine the
reorientational motion of individual lipid molecules, a parameter that
may be critically altered by introducing components such as peptides
to a bilayer.
Studies of dynamics, however, inevitably require suitablemembrane
mimicking models that are both realistic enough to properly reﬂect on
true lipid bilayer motions, and at the same time provide simple enougha.maler@dbb.su.se (L. Mäler).systems to allow for detailed studies on a molecular level. Accordingly,
small (q≤ 0.5) isotropic bicelles [7–9] have been developed for the pur-
pose of investigating the behavior of peptides and membrane proteins
in amembrane-like environment [10–15]. Bicelles are ideal for combin-
ing structural andmembrane interaction studies, since their tumbling is
isotropic and the reorientational diffusion of the lipids is fast enough to
give reasonable solution-state NMR spectra for both the peptides and
the lipids. In addition to the classical 1H, 15N and 13C measurements
used for structural studies of the membrane inserted (or bound) pep-
tides, 31P NMR [16] as well as 2H NMR [17,18] have for a long time
been used to determine thephase properties of lipidmixtures, including
magnetically aligned bicelles [9,12,19–22], and to characterize the effect
of bioactive peptides on lipid bilayers [11,23–25]. Several studies have
been reported by Killian and coworkers [26,27] on the insertion of
model transmembrane peptides into phospholipid bilayers in which
peptide-induced membrane effects, such as hydrophobic mismatch
and effect of ﬂanking residues have been investigated [28–37]. The
acyl chain dynamics in fast-tumbling bicelles and their dependence on
interactions with peptides and proteins have earlier been studied by
13C NMR relaxation methods [38,39] and the dynamics of phosphate
head-groups in lipids have previously been studied by 31P NMR relaxa-
tion [40–42] or a combination of NMR methods and molecular
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made to correlate the location of peptides with the effects that they
have on lipidmobility or on assembly properties. To address this subject
we have explored the approach of using a combination of 31P relaxation
and dynamic laser light scattering to characterize the effect of two
topologically different peptides on the head-group dynamics and lipid
assembly properties in zwitterionic DMPC/DHPC (hereafter denoted
PC), and partly negatively charged (DMPC+DMPG)/DHPC (hereafter de-
noted PC/PG) bicelles. We examined the inﬂuence of two membrane-
active peptides: the surface-bound neuropeptide dynorphin B (DynB)
and the model transmembrane peptide KALP21.
Dynorphins, including DynB, derive from prodynorphin [45] and are
primarily endogenous ligands to the κ-opioid receptor, but due to direct
membrane interactions, they have non-opioid functions as well
[46–50]. It has been demonstrated that the basic 13 residue long
DynB, with the sequence YGGFLRRDFKVVT, interacts with different bi-
layers and resides on the bilayer surface, but remains relatively unstruc-
tured in the membrane-bound form [50–53]. The KALP peptide series
were designed to contain a stretch of alternating leucine and alanine
residues, providing a model hydrophobic transmembrane segment,
ﬂanked by lysine residues [26,32]. The 21 residue long KALP21, with
the sequence Ac-GKKLALALALALALALALKKA-NH2, has been shown to
insert in a transmembrane fashion in DMPC bilayers, with no or little
mismatch [27,37,54]. Both peptides contain a large number of positively
charged residues, mostly arginines, and both have positive net charges
(+2 for DynB and +4 for KALP21). Therefore, it is also of interest to
examine the effects of these membrane-active protein fragments not
only on zwitterionic (PC), but also on partly negatively charged bilayers
(PC/PG).
The very different peptides chosen in this study are representatives
for two ways in which peptides can interact with membranes, either
located at the surface or inserted into the bilayer in a transmembrane
conﬁguration. Results based on 31P T1 and T2 relaxation time data and
dynamic light scattering demonstrate that there are large differences
in how they affect lipid properties, such as overall reorientational dy-
namics of the lipid molecules and bicelle size. The data clearly suggest
a correlation between the location of a peptidewith respect to the bilay-
er and the effect that it has on lipid properties. Moreover, this correla-
tion demonstrates that 31P relaxation of phospholipids can be used to
discriminate between a transmembrane and a peripheral conﬁguration
of a membrane-interacting peptide.
2. Materials and methods
2.1. Materials
Synthetic peptides corresponding to either theKALP21 orDynB amino
acid sequence were obtained from PolyPeptide Group (Strasbourg,
France) and used without further puriﬁcation. Phospholipids, 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (DMPG) and 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC) were purchased as powder from
Avanti Polar Lipids (Alabaster, AL, USA). All the lipids were used without
further puriﬁcation.
2.2. Preparation of bicelles
Solutions containing fast-tumbling bicelles were produced by
mixing the appropriate amount of DMPC, or DMPC/DMPG (8:2) careful-
ly with H2O by vortexing and centrifuging the sample repeatedly until a
homogeneous slurry was formed, and then adding an aliquot of a 1 M
DHPC stock solution to obtain the molar ratio [DMPC] / [DHPC] = 0.5
(for PC bicelles) or [DMPC(0.2) + DMPG(0.8)] / [DHPC] = 0.5 (for PG
bicelles) as described earlier [15,55,56]. This mixture was subjected to
several cycles of heating (up to 45 °C) and cooling (to room tempera-
ture) and to gentle vortexing, until a clear non-viscous solution wasobtained. The total concentration of DMPC and DHPC, or DMPC
+ DMPG and DHPC, was 150 mM (cL (w/v)≈ 8%). The pH was in all
cases adjusted to 6.5–6.7 with 50 mM HEPES buffer.
For the samples containing the peptide, the necessary amount of ly-
ophilized peptide (powder) was measured by weight and mixed with
the bicelle solution. This mixture was subjected to freezing and lyophi-
lization, after which it was dissolved in distilled H2O. DynB samples re-
sulted in clear, transparent solutions under all experimental conditions,
while KALP21 samples of higher than 1 mM concentration could not be
prepared with the charged bicelles, due to a permanent formation of
precipitate. According to the GRAVY (Grand average of hydropathicity)
solubility index of proteins, DynB has a value of−0.108, while KALP21
has 1.371. The positive number indicates a requirement of a hydropho-
bic environment, and the negative value a hydrophilic environment.
Therefore the highly hydrophobic KALP21 was difﬁcult to solubilize in
negatively charged (PC/PG) bicelles above a concentration of 1 mM.
NMR samples had the typical volume of 550 μl containing 10% D2O.
2.3. Dynamic laser light scattering measurements
The size of the bicelles was determined with dynamic light scatter-
ing over a temperature interval of 25–45 °C. Measurements were per-
formed on an ALV/CGS-3 instrument equipped with a Light Scattering
Electronics and Multiple Tau Digital correlator ALV/LSE-5004, using a
5 mm glass cuvette. Light scattering data were collected for 10–30 s
and repeated 10–30 times and were exported as autocorrelation func-
tions. The results are presented as hydrodynamic radii, Rh, by relating
derived decay constants via the Stokes–Einstein relationship:
Rh ¼
kBT
6πηD
ð1Þ
where kB is the Boltzmann's constant, T is the absolute temperature, η is
the viscosity of the sample and D is the diffusion coefﬁcient of the
particles. For monodisperse particles undergoing Brownian motion D is
obtained from the decay rate, Γ, of the autocorrelation function from
DLS, given by Γ= Dq2, where q (not to be confused with q = [DMPC] /
[DHPC]) is the magnitude of the scattering wave vector. q = (4πn/
λ)sin(θ/2) is determined by the wavelength of the light source, λ, the
refractive index of the medium, n, and the scattering angle θ. Data were
processed with the software provided by the manufacturer.
2.4. 31P NMR measurements
Measurements were performed on a Bruker Avance spectrometer
(9.4 T) operating at 162.0 MHz for 31P, equipped with a 5-mm BBO
probe-head and a 500 DRX spectrometer (11.7 T) operating at
202.5 MHz frequency for 31P using a 5-mm BBI probe-head. 31P chemi-
cal shifts were referenced to an external 85% H3PO4 standard and tem-
peratures were checked with the ethylene glycol standard. Chemical
shift values and integrated intensities were determined from one-
dimensional inverse gated 31P{1H} spectra.
T1measurementswere recorded using the standard inversion recov-
ery pulse-sequencewith power gated decoupling in pseudo-2Dmode. A
typical set of 14 spectra with delays varying between 1 ms–6 s was
acquired, and at least 3 sets of experiments were performed. T2 mea-
surements were performed using the Carr–Purcell–Meiboom–Gill
pulse-sequencewith power gated decoupling in pseudo-2Dmode. Typ-
ically 12 spectra were collected with delays between 0.03 s and 0.58 s,
and at least 3 sets of experiments were acquired. The delay between
scans was 8 s and 32 scans were recorded using a 20 ppm spectral win-
dow for both T1 and T2 measurements. All relaxation measurements
were performed at three temperatures: 25 °C, 42 °C and 59 °C.
Data evaluationwas done using the relaxationmodule of the TopSpin
software. Intensity values were ﬁtted to the I(t) = I(0)[1−2Aexp(−t /
T1)] equation for T1 evaluation, and integrated intensities were ﬁtted to
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times the error is given by the standard deviation of the values obtained
in the different experiments.
3. Results
3.1. Effect of KALP21 and DynB on bicelle size
Dynamic laser light scatteringwas used tomeasure the relative sizes
of the two different bicelles, PC and PC/PG (Fig. 1). Both of the bicelle
types were observed to have a hydrodynamic radius between 3.5 and
4.5 nm in the 25–45 °C temperature region. Above the melting temper-
ature (around 24 °C) of the acyl chains in both PC and PG bicelles, a
minor increase in bicelle size was detected with elevating temperature.
This phenomenon can be attributed to the increased motion of the acyl
chains leading to the formation of larger bicelles, and it is in accordance
with previous observations [57]. Upon addition of 2 mM DynB to the
zwitterionic/neutral PC bicelles (Fig. 1A), a modest increase of the ap-
parent hydrodynamic radius (from 3.4 to 3.8 nm) was observed at 25
°C, but at higher temperatures the difference in bicelle size with and
without peptide became negligible. This is an indication that only
minor rearrangements of the lipids occur in this temperature range,
and therefore that DynB has only small effect on the bicelle size. Con-
trary to these results, the addition of KALP21 had amore dramatic effect
on bicelle size, as an increase of around 70% in size was detected (at 25
°C from3.3 to 5.6 nm, and at 45 °C from 4.4 to 7.3 nm, respectively). ThisFig. 1. Hydrodynamic radii measured from dynamic laser light scattering for PC (A) and
PC/PG (B) bicelles, where squares indicate bicelles without peptides, spheres bicelles
with 2 mM DynB and triangles bicelles with 2 mM KALP. The total lipid concentration
(DMPC/DMPG and DHPC) was 150 mM and q = 0.5. Errors were estimated from at
least 20 individual measurements for each temperature, and in most cases the errors are
smaller or comparable to the symbol sizes.ﬁnding is in agreement with previous studies conducted on the
inﬂuence of KALP peptides on bicelle size [54].
The addition of 2mMDynB to the negatively charged PGbicelles had
a different effect than on PC bicelles (Fig. 1B). The size of the PG bicelles
increased at all temperatures with 12–13%. This shows that although it
has previously been established that DynB interacts with both types of
lipids [51], the interaction hugely differs, and is more accentuated
with bicelles containing anionic lipids. It was not possible to incorporate
KALP21 into PC/PG bicelles at higher concentrations than around 1mM,
but also at this concentration the PC/PG bicelles increased in size,
although not as much as when adding 2 mM to the PC bicelles (data
not shown).
In conclusion, the DLS measurements revealed that there is a differ-
ence in the way that the two peptides inﬂuence PC and PC/PG bicelles.
The surface-bound DynB has a larger effect on the size of PC/PG bicelles
than on PC, but overall the size increase caused by DynB is modest. In
contrast, the transmembrane KALP21 induces a much larger increase
in bicelle size.3.2. Effect of KALP21 and DynB on lipid motion–31P longitudinal relaxation
To investigate themotion of the phosphate head-group in the lipids,
and the effect of different membrane interacting peptides on this mo-
tion, 31P longitudinal relaxation measurements were performed. These
parameters carry information about the effective overall motion of the
phosphate moiety in individual lipid molecules, and in order to charac-
terize it in amore complex way both the temperature and themagnetic
ﬁeld dependence of relaxation properties were investigated.
Under the given experimental conditions all systems show distinct
and well deﬁned resonances in the one-dimensional 31P{1H} spectrum
(Fig. 2). Typical values of the phosphate chemical shifts at room temper-
ature for a system containing all three phospholipids, DHPC, DMPC and
DMPG, were:−0.83,−0.89 and 0.22 ppm, respectively. 31P-chemical
shift values are very sensitive to the environment, and even though
both molecules have the same polar head group, the other parts differ:
1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) and 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC). Moreover, previous
studies have shown that the chemical shift difference is also evidence
that the two molecules are separated in the bicelles, i.e. DHPC on the
rim and DMPC mainly in the bilayer part of the bicelle [9]. Therefore, a
small, but clearly detectable 0.06 ppm difference is observed between
the two head groups. At higher temperatures bicelles containing
KALP21 show an accentuated line broadening, and as a consequence
the DMPC and DHPC resonances partly overlap. For this reason, inte-
grated intensity values are used for data evaluation. The results of the-0 -1 -2 [ppm]1
Fig. 2. 31P{1H} NMR spectra of (from bottom): PC bicelles, 2 mMDyn in PC bicelles, 2 mM
KALP in PC bicelles, PC/PG bicelles, 2 mMDyn in PC/PG bicelles, and 1 mMKALP in PC/PG
bicelles.
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bicelles), and in Table S1 (Supplementary data). As expected, the T1
values were for all samples longer at lower ﬁelds and at higher temper-
atures. The DHPC head-group showed the slowest relaxation in all
cases, i.e. longest T1 values, while DMPG and DMPC had very similar
relaxation properties. These characteristics indicate that the presence
of either anionic or zwitterionic head-groups does not inﬂuence
motions that affect T1.
The addition of DynB or KALP21 to zwitterionic PC bicelles caused
only minor changes in the T1 relaxation parameters (Fig. 3). A small de-
crease in T1 valueswas induced by both peptides at the highest temper-
ature, 59 °C (from 1.43 s to 1.32 s for DMPC, and from 1.82 to 1.70s for
DHPC) indicating only a modest change in the overall dynamics of the
lipid head-groups. For anionic PC/PG bicelles, however, therewas a larg-
er effect on the T1 values for all lipids at the highest temperature for
both peptides, but mostly so from DynB added (Fig. 4). The shorter T1
values upon the addition of the peptides indicate a restriction of the
phosphate head-group dynamics, which is not surprising since both
peptides contain positively charged residues that interact favorably
with anionic lipids [53,58–60].Moreover, the 31P longitudinal relaxation
is somewhat faster for bicelles containing DynB than those containing
KALP21, especially so for the DMPG 31P moiety. This result indicates
that despite the fact that DynB contains only three positively charged
residues, with an overall net charge of +2, compared to the four posi-
tively charged residues of KALP21, the surface-associated DynB has a
greater effect on lipid mobility than the transmembrane KALP21.Fig. 3. T1 relaxation time constants for 31P in 150mM, q= 0.5 PC bicelles at three temper-
atures and two magnetic ﬁelds. Filled symbols represent values at 9.4 T, open symbols
11.7 T; squares indicate bicelles without peptide, circles bicelles with 2 mMDynB and tri-
angles bicelles with 2 mM KALP21; A) shows relaxation times for the DHPC head-group
and B) for the DMPC head-group.
Fig. 4. T1 relaxation time constants for 31P in 150mM, q=0.5 PC/PG bicelles at three tem-
peratures and twomagnetic ﬁelds. Filled symbols represent values at 9.4 T, open symbols
11.7 T; squares indicate bicelles without peptide, circles bicelles with 2 mMDynB and tri-
angles bicelles with 1 mM KALP21; A) shows relaxation times for the DHPC head-group,
B) for the DMPC head-group and C) for the DMPG head-group.3.3. Effect of KALP21 and DynB on lipid motion–31P transverse relaxation
In addition to being sensitive to the overall motion of the lipid mol-
ecules, transverse relaxation also reports on the size of bicelle assem-
blies. 31P transverse relaxation time values were determined for the
two bicelle systems with and without the model peptides. The data
are collected in Table S2 and in Figs. 5 (PC bicelles) and 6 (PC/PG
bicelles). The transverse relaxation rates measured for bicelles alone
were almost tenfold faster than the longitudinal relaxation rates, indi-
cating a signiﬁcant effect of bicelle size on T2. When adding either of
the peptides to zwitterionic bicelles, we noted signiﬁcant line-
broadening in the spectra indicating a change in T2, and mostly so
Fig. 5. T2 relaxation time constants for 31P in 150mM, q=0.5 PC bicelles. Squares indicate
bicelleswithout peptide, circles bicelleswith 2mMDynB and triangles bicelleswith 2mM
KALP21; A) shows relaxation times for the DHPC head-group and B) for the DMPC
head-group.
Fig. 6. T2 relaxation time constants for 31P in 150 mM, q = 0.5 PC/PG bicelles. Squares in-
dicate bicelleswithout peptide, circles bicelleswith 2mMDynB and triangles bicelleswith
1 mM KALP21; A) shows relaxation times for the DHPC head-group, B) for the DMPC
head-group and C) for the DMPG head-group.
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was induced by KALP21 in both zwitterionic as well as in anionic
bicelles, a ﬁnding that clearly supports the DLS results, which showed
that the model transmembrane helix had a large effect on bicelle size
(Fig. 1). As for T1, DynB was observed to affect T2 of the lipids in PC/PG
bicelles more than in PC bicelles (Fig. 6), again in agreement with the
DLS results that indicated an increase in PC/PG bicelle size, but not in
PC bicelle size. Moreover, the relaxation of the phosphorus moiety in
DMPG in anionic bicelles is greatly affected by both peptides.
4. Discussion
By applying the twomethods, dynamic light scattering and 31P NMR
spectroscopywe characterized the behavior ofmembrane boundmodel
peptides and their effect on lipid motion. 31P NMR longitudinal relaxa-
tion can be used as a method to characterize the local environment of
the phosphorus moieties, i.e. the lipid head-groups, and the dynamics
of the bicelle system in which the phosphorus nucleus is embedded. It
has previously been demonstrated that dynorphins interact with lipid
bilayers in a charge-dependent way, and that they reside on the surface
of the bilayer. Qualitatively our present results indicate that this surface-
interaction of DynB is coupled to a decrease in the lipid head-group
motion, while it has negligible effect on the overall morphology of the
bicelles. Contrary to the surface-active peptide DynB, KALP21 induces
a signiﬁcant increase in bicelle size and at the same time has a much
smaller effect on lipid mobility in the bilayer, demonstrating that a
transmembrane peptide that does not induce a mismatch, does not
affect lipid head-group motion to the same extent as a surface-bound
peptide.To obtain further insights into the dynamics and thermodynamics of
motions at molecular level relaxation data were analyzed in more de-
tails. Under the applied experimental conditions different relaxation
mechanisms contribute to the relaxation process. For the spin half 31P
nucleus the following relaxation mechanisms need to be considered:
(a) the nuclear dipole–dipole (DD) interaction, (b) the anisotropic
chemical shielding (CSA), (c) spin rotation (SR) and (d) scalar coupling
(SC) between the 31P nucleus and the magnetic nuclei in the neighbor-
hood/solvation shell. If several of these routes are operative, they
assumed to be additive:
1
T1
¼ 1
TDD1
þ 1
TCSA1
þ 1
T SR1
þ 1
T SC1
: ð2Þ
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can safely be neglected. Milburn and coworkers proved that at higher
frequencies i.e. 145.7 MHz and above, thus under our experimental
conditions (being 162 and 202 MHz, respectively), 31P relaxation is
dominated by the chemical shielding anisotropy mechanism [61]. This
assumption is also supported by the fact that with increasing ﬁeld
strength at constant temperature a decrease in relaxation time is
observed (see Figs. 3 and 4).
The time constant of longitudinal relaxation by chemical shielding
anisotropy is given by:
1
TCSA1
¼ 2
15
γ2 Δσð Þ2B20τc ð3Þ
where Δσ is the chemical shielding anisotropy, γ is the 31P magnetogyric
ratio, B0 is the magnetic ﬁeld and τc is the effective local correlation time
for the reorientation of the phosphate group. On the basis of Eq. (3) and
using Δσ = 50 ppm [61], the τc rotational correlation time of the
phosphate head-group can be estimated (Table S3). Assuming that the
molecular motion responsible for phosphorus relaxation is isotropic and
so described by a single τc, this should present an Arrhenius type temper-
ature dependence, allowing the assessment of the activation energy for
the reorientation of the phosphate moiety with respect to the glycerol
backbone (Table S4). Due to the relatively high errors in the estimates
of the correlation times for PG because to the higher errors in the relaxa-
tion data (since PG is only present in relative amounts of 0.2:0.8) we
limited this analysis to PC bicelles.
Our results for PC bicelles indicate that the rotational correlation
time values decrease with temperature increase, as is also expected.
At 298 K there is no signiﬁcant difference among τc values obtained
for pure bicelles, or after adding either of the two peptides, all being
around 1 ns, meaning that the head-group behavior is very similar for
all systems. Calculating the activation energy values for the reorienta-
tion of the head-groups we observe that the reorientation of the DHPC
head-group necessitates a higher energy in all cases. The difference
may be related to a different positioning of the two molecules within
the bicelle (DHPC on the rim and DMPC in the bilayer region), although
this is not evident from an analysis of relaxation data alone. No big
changes in the activation energies for the lipids in PC bicelles are ob-
served upon adding KALP21 (from 9.2 to 8.7 kJ/mol for DHPC and 6.4
to 5.7 kJ/mol for DMPC respectively). By adding DynB, on the other
hand, the corresponding values become higher (11.8 and 9.4 kJ/mol).
This is in accordance with the earlier observation that the surface-
bound DynB peptide alters the dynamics. Previous studies performed
at lower ﬁelds and broader temperature ranges indicate an activation
energy of 16.0 kJ/mol for larger lipid molecules with different types of
acyl chains than used here [61]. However, it has to be noted that this ap-
proach is an oversimpliﬁcation, as it does not include other than isotro-
pic reorientational motion of the head-group of the lipid molecule. It
also assumes that the extreme narrowing condition prevails, which is
reasonable at low ﬁelds.
Regarding the other limit of themotional time-scale for bicelles, DLS
measurements shed light on themotion of the entire bicelle through the
estimated hydrodynamic radii. In addition, using the Stokes–Einstein
formula, the effective global correlation time of the bicelle can be
calculated. This value falls in the 35–182 ns range depending on the in-
vestigated peptide–bicelle system. The lowest values are obtained for
neat bicelles, and the highest for the KALP21–bicelle system. Note that
in all cases the spherical assumption was used. The 31P T2 relaxation
data also support the observations made from the DLS data. The large
decrease in T2 observed when adding e.g. the transmembrane KALP21
indicates a much larger change in dynamics than that observed in the
T1 data, supporting an increase in bicelle size. However, it is not trivial
to draw quantitative conclusions about the size increase, but both
methods provide direct evidence of this phenomenon, suggesting thatthe main effect of the transmembrane peptide is to alter the morphology
of the bicelle.
Two important conclusions can be made from this study. The ﬁrst is
that the peptides may alter either the lipid dynamics (as does DynB) or
themorphology of the bicelle (as evidenced by the increase in size caused
by KALP21). This has previously been observed, although not directly, for
a surface-associated cell penetrating peptide, transportan [14].
The second conclusion is of a more general nature and concerns the
effect of surface-bound peptides versus transmembrane peptides. DynB
has previously been demonstrated by a variety of methods to be located
at, or on, the surface of model bilayers [51]. KALP21, on the other hand,
has been designed to span a DMPC bilayer without introducing any
transmembrane mismatch [26,27]. While a surface-associated peptide,
like DynB, has the effect of limiting the overall motion of individual
lipid molecules, a transmembrane peptide does not have this effect to
the same degree. Intuitively, a surface-associated peptide will on aver-
age interact with several lipid head-groups, inducing a change in the
overall dynamics of the lipid molecules, while this is not the case for
transmembrane segments, like KALP21. This second conclusion is im-
portant for understanding membrane interactions, but further studies
on similar peptides and proteins should be performed to verify this.
The present study does, however, clearly indicate a correlation between
the location of a surface-active peptide and its effects on lipid dynamics,
and at the same timedemonstrates that a transmembrane conﬁguration
does not inﬂuence these dynamics. This observationwas alsomade pre-
viously for the cell penetrating peptide transportan, although based on
13C relaxation, indicating that transportan exerts its inﬂuence on lipid
bilayers by locating to the surface, and restricting the overall motion
of lipid molecules [14]. On the other hand, a transmembrane conﬁgura-
tion may induce morphological changes in the bicelle structure,
observed as a size increase here. Results obtained from a study of the
glycosyltransferase MGS from Acholeplasma laidlawii showed that the
entire protein had the effect of altering bicelle morphology (as evi-
denced by large inﬂuences on 31P T2 values) while only limited effects
on lipid mobility were observed, in agreement with the present results
for KALP21 [62]. Hence we suggest that the relatively simple measure-
ments presented here may be useful to elucidate the overall mode for
bilayer interaction.
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